Pseudomonas sp. strain HBP1 Prp grew on 2-isopropylphenol as the sole carbon and energy source with a maximal specific growth rate of 0.14 h-1 and transient accumulation of isobutyric acid. Oxygen uptake experiments with resting cells and enzyme assays with crude-cell extracts showed that 2-isopropylphenol was catabolized via a broad-spectrum meta cleavage pathway. These findings were confirmed by experiments with partially purified enzymes. Identification of 3-isopropylcatechol and 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid as the products of the initial monooxygenase reaction and the subsequent extradiol ring cleavage dioxygenase reaction, respectively, was based on gas chromatography-mass spectrometry analysis of the corresponding trimethylsilyl derivatives. The meta cleavage product hydrolase hydrolyzed 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid (meta cleavage product of 2-isopropylphenol) to isobutyric acid and 2-hydroxypent-2,4-dienoic acid.
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Pseudomonas sp. strain HBP1 Prp (13, 14) was selected for the ability to grow on 2-propylphenol as the sole carbon and energy source (15) . Although wild-type strain HBP1 has available all the necessary enzymes to metabolize 2-propylphenol after growth on 2-hydroxybiphenyl, it could not grow with this compound as the sole carbon and energy source because 2-propylphenol did not induce the initial enzymes of the meta cleavage pathway. In contrast to wild-type strain HBP1, mutant strain HBP1 Prp could grow with 2-propylphenol as the sole carbon and energy source and constitutively produced a small amount of monooxygenase and extradiol ring cleavage dioxygenase, the first two enzymes of the pathway (15) . The first enzyme in the catabolic pathway, an NADH-dependent monooxygenase, hydroxylated various 2-alkylphenols to the corresponding catechols (13) . All these ortho-substituted alkylphenols are possible growth substrates. One of our main interests is to find out whether the metabolites of these compounds are also substrates for the subsequent enzymes of the pathway so that the different ortho-alkylphenols can be used as growth substrates by strain HBP1 Prp (15, 21) . 2-Isopropylphenol (o-cumenol) was chosen as the most interesting new candidate for metabolic studies with strain HBP1 Prp because, on the one hand, this compound is used for producing synthetic materials in technical processes, for synthesizing insecticides and fragrant aromas, and as an additive to varnishes (7) and as such is a potential pollutant in industrial waste streams and in the environment. On the other hand, elucidation of its metabolism will broaden our understanding of the metabolic capacities of broad-spectrum meta cleavage pathways, especially in Pseudomonas sp. strain HBP1 Prp. In this article, we report growth of Pseudomonas sp. strain HBP1 Prp with 2-isopropylphenol and show that the compound is metabolized via 3-isopropylcatechol and subsequent meta cleavage.
Pseudomonas sp. strain HBP1 Prp was maintained and grown as described previously (15) . For yield experiments and experiments with washed-cell suspensions, we grew the cells in indented Erlenmeyer flasks (500 or 1,000-ml capacity) containing the mineral salts medium supplemented with the appropriate substrate (1.82 mM) on a rotary shaker (90 rpm) at 30°C. For obtaining cell mass, we grew the cells in 20-liter carboys equipped with a magnetic stirring bar and forced aeration. Growth curves were determined with cells grown in indented Erlenmeyer flasks (2,000-ml capacity) containing 400 ml of the mineral medium with the appropriate amount of 2-isopropylphenol on a rotary shaker (80 rpm).
Cells were harvested and cell extracts were prepared as described previously (13, 15) . Oxygen uptake with washed-cell suspensions was measured according to the method of Kohler et al. (15) . Specific oxygen uptake rates were corrected for endogenous rates. The different enzymes of the degradation pathway were partially purified and assayed as previously described (15, 21) .
The extinction coefficients of meta cleavage products are dependent on pH. Therefore, we determined the pH dependence of the extinction coefficient (6389) of 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid, the meta cleavage product of 3-isopropylcatechol (Fig. 1) . The assays were performed in cuvettes (1-ml assay mixture) with partially purified extradiol dioxygenase (hydrolase free) and with 3-isopropylcatechol of appropriate concentrations. At the end of the assay, when 3-isopropylcatechol was completely turned over, the A389 was determined. For each pH value, three different concentrations were assayed in quadruplicate. The data were fitted to a logistic model by nonlinear regression with the MarquardtLevenberg algorithm as implemented by IGOR PRO (WaveMetrics, Lake Oswego, Oreg.). Deviating values for the extinction coefficient of the meta cleavage product of 2-isopropylcatechol (2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid) for different pHs have been reported in the literature (1, 5, 11) . This unsatisfactory situation has now improved, as the values could be well fitted to a logistic model whose best-fit parameters are given in Fig. 1 . It is now possible to exactly interpolate the values of the extinction coefficient for the pH range 6.5 to 9.0. As can be seen from Fig. 1 values over the pH range investigated. In order to obtain correct results, one has to be aware of the pH dependence of the extinction coefficient. Production of the meta cleavage product for the hydrolase assays was done in 100 ml of phosphate buffer (20 mM, pH 7.2) with 5 U of partially purified extradiol ring cleavage dioxygenase and 0.15 mM 3-isopropylcatechol. After complete turnover of the substrate, the reaction mixture was acidified with HCl to pH 2 and the product was extracted into ethyl acetate (130 ml). The organic fraction was evaporated to dryness and subsequently stored at 4°C under nitrogen until it was used. 3-Isopropylcatechol was a gift from A. Schmid, Stuttgart, Germany.
Metabolites were extracted from the enzymatic incubation mixtures as described previously (14) . Gas chromatography analysis of isobutyric acid was done as described for butyric acid (15) . High-performance liquid chromatography analysis of 2-isopropylphenol was done according to procedures described for 2-propylphenol (15) . Mass spectra were obtained on an ITD 800 (ion trap detection) mass spectrometer (Finnigan MAT, San Jose, Calif.) coupled to an HRGC 5160 Mega Series gas chromatograph (Carlo Erba Instruments, Milan, Italy) as described previously (14) .
Protein contents in cell extracts and whole cells were determined by the method of Bradford (2) and the microbiuret method, respectively, with bovine serum albumin as a standard. Dry weights were measured in triplicate with culture samples that were filtered through predried and tared 0.5-p.m-pore-size Nuclepore filters, and the filters were dried for 3 days at 80°C to constant weight.
Growth of Pseudomonas sp. strain HBP1 Prp on 2-isopropylphenol in batch cultures resulted in the disappearance of the substrate, simultaneous formation of biomass, and transient accumulation of 2-isobutyric acid (Fig. 2) . The intermediate reached its highest concentration (0.84 mM) after 20.5 h, when approximately 75% of the substrate was consumed. The maximal specific growth rate of strain HBP1 Prp growing on 2-isopropylphenol in batch culture experiments was 0.14 h-1 (doubling time, 5.0 h), with a growth yield of 0.57 mg of dry weight per mg of substrate.
Oxygen uptake experiments (Table 1) with cells grown on 2-isopropylphenol, 2-hydroxybiphenyl, and succinate showed that strain HBP1 Prp formed oxidative enzymes for the metabolism of the acid which was the product of the hydrolytic cleavage of the respective meta cleavage product-isobutyric acid and benzoic acid for growth on 2-isopropylphenol and 2-hydroxybiphenyl, respectively. Oxygen uptake with 2-hydroxybiphenyl as the substrate was, independent of the growth conditions, about 2.0 to 2.3 times higher than oxygen uptake with 2-isopropylphenol as the substrate. In contrast to the inducible wild-type strain (13), strain HBP1 Prp was constitutive for oxygen uptake with 2-isopropylphenol and 2-hydroxybiphenyl as substrates when grown on succinate (about 9% of the uptake rate of 2-hydroxybiphenyl-grown cells). The specific activities of the enzymes measured in crude-cell extracts are given in Table 2 . The meta cleavage product hydrolase was active with the meta cleavage products of 2-isopropylcatechol and 2,3-dihydroxybiphenyl but not with 2-hydroxymuconic semialdehyde. NAD-dependent 2-hydroxymuconic semialdehyde dehydrogenase was active only with 2-hydroxymuconic semialdehyde and not with other meta cleavage products.
In the enzyme assays with crude-cell extracts of 2-isopropylphenol-grown cells of strain HBP1 Prp, no intermediates of the initial enzyme reactions could be detected. Therefore, it was necessary to separate the different enzyme activities for analysis of the 2-isopropylphenol-metabolizing enzyme systems. Partially purified NADH-dependent monooxygenase (15) was incubated with 2-isopropylphenol. Gas chromatography-mass spectrometry analysis of the ethyl acetate extract revealed one major product. The trimethylsilyl derivative of the metabolite produced the following mass spectrum (mle): 296, (M)+; 281, loss of CH3; 207, loss of OSi(CH3)3; 193, loss of SiCH3 and 2 CH3; 73, C3H9Si+ (base peak). The mass spectrum was identical to that of authentic trimethylsilylated 3-isopropylcatechol, and the compound eluted at the same retention time as the authentic sample. Therefore, there is strong evidence that 3-isopropylcatechol is the product of the reaction discussed above.
When partially purified extradiol ring cleavage diooxygenase was incubated with 3-isopropylcatechol, an intense yellow color developed. Upon acidification, the color quickly disappeared. The reaction product could be extracted into ethyl acetate, was derivatized with BSTFA, and subsequently characterized by gas chromatography-mass spectrometry. The mass spectrum (Fig. 3) confirmed the metabolite to be 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid and showed the following major ion peaks agreement with the mass spectra of similar meta cleavage products (15, 21) . The loss of CO from the (M-15)+ to form mle 285 is a characteristic mass spectral feature for ot-hydroxy acid-trimethylsilyl derivatives (16) . The loss of the isopropyl side chain from mie of 328 also gives rise to an ion with an mie of 285. It is very probable that both reactions contribute to the mle 285 ion, because for similar meta cleavage compounds (14, 21) , the two reactions yield ions with different masses and both ions could be observed. The base peak at mle 211 is formed by a loss of carboxytrimethylsilyl from the molecular ion. This loss is indicative for meta cleavage compounds (8, 9, (14) (15) (16) 21) . The low abundance (0.4%) of the molecular ion (M)+ is typical for electron impact mass spectra of TMS derivatives. The (M-15)+ ion, resulting from the loss of methyl by the molecular ion, is prominent and serves for determination of the molecular weight (17) , which therefore is 328. (2) 3-isopropylcatechol, (3) 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid, (4) isobutyric acid, and (5) 2-hydroxypent-2,4-dienoic acid.
The hydrolytic cleavage of 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid to isobutyric acid and 2-hydroxypent-2,4-dienoic acid was monitored in spectrophotometric assays. Upon addition of the purified meta cleavage product hydrolase (18) to the assay, the A321 and A389 decreased because of the disappearance of 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid and the A265 increased because of the formation of 2- hydroxypent-2,4-dienoic acid (Fig. 4A) . TheA265, once it reached a maximum, started to decrease to a stable value (Fig. 4B) . The spontaneous decrease of the A265 is in agreement with the proposed structure for this compound, because the enol form of 2-hydroxypent-2,4-dienoic acid spontaneously isomerizes to the keto form, which does not absorb at that wavelength (10) . When the A265 decrease had ceased, a 0.5-ml sample was brought to 1 M borate with 0.5 ml of a neutralized 2 M boric acid solution. A peak with a maximum at 279 nm appeared. This peak was due to the formation of the enol-borate complex with a typical shift (14 nm) to longer wavelengths (12) . The second product of the hydrolase reaction was identified as isobutyric acid by gas chromatography on an OV 351 capillary column, which is very selective for low-molecular-weight fatty acids.
We have provided evidence that Pseudomonas sp. strain HBP1 Prp degrades 2-isopropylphenol by the same catabolic pathway (Fig. 5) as it degrades 2-propylphenol (15) and 2-secbutylphenol (21) . Wild-type strain HBP1 also utilizes this pathway for the degradation of 2-hydroxybiphenyl (13) and 2,2'-dihydroxybiphenyl (14) . In all the cases now examined, the enzymes of the pathway expressed highest activities for 2-hydroxybiphenyl and 2-hydroxybiphenyl metabolites. Therefore, the pathway seems optimized for the metabolism of 2-phenylphenol (2-hydroxybiphenyl), and by virtue of broad specificity, the enzymes are able to handle 2-alkylphenols and 2-alkylphenol metabolites. The values for measured growth rates also support this view. The specific maximal growth rate of strain HBP1 Prp on 2-isopropylphenol was 0.14 h-1. This is within the range for the other 2-alkylphenols (0.11 and 0.17 h-1) but considerably less than the growth rate of the wild type on 2-hydroxybiphenyl (0.47 h-). Wild-type strain HBP1 could not grow on 2-alkylphenols because these compounds did not induce the monooxygenase and the extradiol ring cleavage dioxygenase, the first two enzymes in the catabolic pathway. A mutational change affecting the regulatory system was necessary for growth on 2-alkylphenols (15) . Strain HBP1 Prp constitutively produced a small amount of monooxygenase and extradiol ring cleavage dioxygenase but had high levels of these two enzyme activities when grown on various 2-alkylphenols.
Growth of cells of strain HBP1 Prp in benzoate, butyrate, or 2-methylbutyrate strongly enhanced oxygen uptake with 2-hydroxybiphenyl (15, 21) . In these cases, the products of the third enzymatic step in the pathway-benzoate, butyrate, or 2-methylbutyrate for cells grown on 2-hydroxybiphenyl, 2-propylphenol, or 2-sec-butylphenol, respectively-acted as enhancers for the NADH-dependent monooxygenase activity.
Gas chromatography-mass spectrometry ( Fig. 3 ) and spectrophotometric data (Fig. 4) provide a sound base for the proposed catabolic pathway (Fig. 5 ). In the case of hydrolysis of the meta cleavage product of 3-isopropylcatechol, formation of 2-hydroxypent-2,4-dienoic acid could be directly detected as described by Harayama et al. (10) because isobutyric acid, the second reaction product, did not absorb significantly above 220 nm. Upon addition of borate to the keto form of 2-hydroxypent-2,4-dienoic acid, we could observe the formation of the enol-borate complex with the absorption maximum shifted 14 nm to longer wavelengths. This is in agreement with observations by Knox and Pitt (12) , who reported the same shift for the enol-borate complex of phenylpyruvate. However, the data of Harayama et al. (10) do not show this shift. At the moment, we cannot explain this discrepancy.
Pathways similar to the broad-specificity meta cleavage pathway of strain HBP1 Prp have been described for the degradation ofp-cymene (4-isopropyltoluene) by a Pseudomonas putida strain (3, 4) , for the degradation of isopropylbenzene by P. putida RE204 (6) , and for the degradation of alkylbenzenes by Pseudomonas sp. Strain NCIB 10643 (19) . Catabolism of p-cymene proceeds via oxidation of the methyl group to 2-hydroxy-6-oxo-7-methylocta-2,4-dienoic acid, which is hydrolyzed to 2-oxopent-4-enoic and isobutyric acid. This pathway converges with the 2-alkylphenol pathway in strain HBP1 Prp at the level of the meta cleavage product. The other two pathways share the 3-alkylcatechol-catabolizing enzymes with the 2-alkylphenol pathway in strain HBP1 Prp. The three pathways differ only in the catabolic steps leading to 3-alkylcatechol. This is achieved by an NADH-dependent 2-hydroxybiphenyl monooxygenase in the case of strain HBP1 Prp and by an alkylbenzene dioxygenase in concert with a dihydrodiol dehydrogenase in the case of strain NCIB 10643 and P. putida RE204.
